Predictions from theory, field data, and experiments have shown that high landscape connectivity promotes higher species richness than low connectivity. However, examples demonstrating high diversity in low connected landscapes also exist. Here we describe the many factors that drive landscape connectivity at different spatiotemporal scales by varying the amplitude and frequency of changes in the dispersal radius of spatial networks. We found that the fluctuations of landscape connectivity support metacommunities with higher species richness than static landscapes. Our results also show a dispersal radius threshold below which species richness drops dramatically in static landscapes. Such a threshold is not observed in dynamic landscapes for a broad range of amplitude and frequency values determining landscape connectivity. We conclude that merging amplitude and frequency as drivers of landscape connectivity together with patch dynamics into metacommunity theory can provide new testable predictions about species diversity in rapidly changing landscapes.
Introduction
Metacommunity theory provides a number of insights into the role of dispersal for species coexistence in landscapes composed of units of suitable and unsuitable habitats (Holyoak et al. (2005) ). Empirical studies have largely focused on dispersal rates with only recent emphasis on patterns of landscape connectivity (Kneitel & Chase (2004) ; Cadotte (2006) ). Most studies have shown that increasing connectivity tends to increase persistence and richness (Ellner et al. Fluctuations in landscape availability (random or seasonal) are also common in nature (Sprugel (1991) ; Ruiz et al. (2014) ) but the consequences of fluctuations in landscape connectivity for species richness received less attention, with the exception of disturbances (Sousa (1984) ; Supp & Ernest (2014) ). Whether landscape connectivity increases or decreases persistence and regional species richness, dispersal abilities of organisms, which define habitat connectivity, are affected by the fluctuations in the environment and various habitat characteristics. Many of these factors fluctuate with different frequencies, with some showing high intraday variation while others fluctuate daily, seasonally or at larger time scales (Stenseth et al. (2002) ). Patch dynamics, i.e. the process of destruction of patches and appearance of new ones, has been addressed by numerous theoretical studies of metapopulations (Hanski (1999) ; Cornell & Ovaskainen (2008) ; Drechsler & Johst (2010) ). Hanski (1999) derived formulas for predicting patch occupancy of a single population in landscapes characterized by temporal patch dynamics.
The mean species lifetime in a network of dynamical patches can also be estimated (Drechsler & Johst (2010) ). Recent studies have shown that the rate of patch turnover is critical for metapopulation persistence. For example, Reigada et al. (2015) showed that increasing the rate of patch dynamics decreases metapopulation persitence when dispersal is continuous, while persistence is facilitated by pulsed dispersal. The links connecting different patches can also vary in time. For example, the connectivity of habitat patches in the polar regions fluctuates seasonally according to sea ice extent (see animations SI-A1 and SI-A2). Connectivity dynamics can therefore be critical in determining landscape structure. However, connectivity dynamics has received less attention in metacommunity and metapopulation ecology (Holyoak et al. Despite the scarcity of theoretical predictions, there is empirical evidence that connectivity dynamics may play an important role for dynamics of metapopulations in heterogeneous landscapes.
Most of the empirical evidence comes from studies which focused on single-species metapopulation persistence where habitat connectivity is driven by the characteristics of the landscape matrix separating habitat patches as perceived by the organisms (Eycott et al. (2012) ). For example, dispersal of amphibians between ponds is strongly affected by the terrestrial habitat separating the ponds (Buskirk (2012); Cline & Hunter (2014)) and by weather (e.g., moisture) (Rittenhouse et al. (2009) ). Similarly, dispersal of butterflies also depends on the landscape matrix (Kuefler et al. (2010) ) and dispersal kernels fluctuate in time (Schtickzelle et al. (2012) ). In fish, interconnections between rivers forming during periods of heavy rain can connect otherwise disconnected habitats and allow for dispersal and gene flow (Boizard et al. (2009) ). Here we connect temporal and spatial changes of landscape connectivity to metacommunity dynamics and species richness. We use amplitude and frequency as a proxy to describe both spatial and temporal fluctuations in the landscape, varying periodically the dispersal radius of the organisms (i.e., any two patches are connected if their distance is lower or equal than the dispersal radius, figure 2 and table 2 for the parameters used). We then compare landscapes with no connectivity change (i.e., static landscapes) with landscapes whose dispersal radius fluctuates with a given amplitude and frequency (figures 3 and 4).
Our results show that the number of species coexisting in fragmented landscapes differs between static and dynamic landscapes. We show that regional species richness (i.e., γ−species richness) decays as the landscape becomes more fragmented, both in static and dynamic landscapes, but the rate of this decay depends on the amplitude and frequency of the fluctuations of landscape connectivity (figure 3). Our results also show that for low frequency of change in landscape connectivity, the variance of regional species richness peaks with an intermediate number of isolated components in the landscape. This result suggests that high or low γ−species richness can occur in dynamic landscapes with a large number of components for a broad range of values of amplitude and frequency determining landscape connectivity. When varying the dispersal radius value in static landscapes, we observe a fragmentation threshold below which species richness drops dramatically (figures 3 and 4). The fragmentation threshold does not occur in dynamic landscapes for a broad range of amplitude and frequency values determining landscape connectivity (figure 4). In summary, our approach connects a mechanistic description of fluctuations of dispersal radius to landscape connectivity to explore the consequences of landscape dynamics for regional species richness.
The model and its implementation
In this section, we describe the computational model, while the mathematical equations and further technical details are presented in the on-line supporting information (SI-B). The mathematical definitions are provided in table 2.
Static and dynamic landscapes
We use a spatially explicit individual-based model in patchy and dynamic landscapes. We run our simulations in landscapes consisting of randomly located sites with range values between [0,1] representing landscapes of any possible scale. Each patch i has a spatial location given by the coordinates (x i , y i ). Two patches i and j are connected by individuals dispersing if their geographic distance, d ij , is equal or smaller than a threshold distance (i.e., dispersal radius), d c .
This dispersal radius is fixed in static landscapes and follows a sinusoidal signal in dynamic ones. Dispersal radius to connect patch i and j follows:
where t is time and d 0 , A, f are the initial dispersal radius, the amplitude and the frequency of the landscape respectively. In figure 2 we show a graphical representation to visualize the effect of amplitude and frequency on the dispersal radius and landscape connectivity (i.e., the number of connections of each patch i with other sites in the network changes with time, see animations SI-A3 and SI-A4). In static landscapes, the connectivity of the landscape is only a function of the initial dispersal radius, d 0 . As the "static" landscape name suggests, the initial dispersal radius is the only value determining the threshold to connect two patches. There is no variance related to this initial dispersal radius value, and thus there is a fixed dispersal radius given by d c = d 0 .
Population dynamics and dispersal in dynamic landscapes
In our approach there can be several species in each patch and the state of each patch is described by a vector of species abundances. To model spatio-temporal changes in the abundance of these patches, we need to define dispersal rules together with population dynamics. We assume that all patches are of the same size and habitat type; we do not associate a priori a value for each patch which determines the habitat type as, for example, Rybicki & Hanski (2013) do.
Instead, we allow individuals to disperse between any two patches only as a function of species abundance of the leaving patch. In this scenario individuals only can move between connected i and j patches (i.e., those patches satisfying the condition d ij ≤ d c ). At the beginning of the simulations we have an initial population that spreads instantaneously across the whole landscape. We assume that all patches are fully occupied and have the same carrying capacity, i.e., population size at a given patch i, J x i ,y i , is equal to the patch environmental carrying capacity. The total number of individuals in the landscape is
.., + J x P ,y P , with P the total number of patches.
Population dynamics on the spatial network occur under a zero-sum birth and death process in overlapping generations. This means that at each time step an individual dies from a randomly chosen patch i. This individual is replaced with an individual coming from another patch (i.e., migrant), from the same patch than the death individual or from the regional species pool.
Parents are chosen with probability m from outside patch i within the network, with probability ν from the regional species pool, or with probability λ (i.e. local birth rate), defined as λ = 1 − m − ν, from the patch i. We consider an extremely diverse regional species pool containing an infinite number of species. Because of the infinite number of species in the regional pool, we assume that every immigration event introduces a new species. Immigration of a new species corresponds to speciation in the context of metacommunity models (Vanpeteghem & Haegeman (2010) ). Dispersal from patch j to patch i of species k is defined by:
with d ij the geographical distance between patch i and j satisfying d ij ≤ d c and m is the intensity of emigration rate. Because dispersal from patch i to patch j is the same as in the
, this represents symmetric, patch-and density-independent dispersal where dispersal to connected and less distant patches is more likely than dispersal to more distant patches.
Implementation and simulations
Prior to the simulations, one needs to specify the parameters for generating the landscape and the regional pool of species. The landscape is generated following a 2D-random geometric network as described in the section "Static and dynamic landscapes". Simulations were carried out with an initial population at each patch i, J the frequency, f. We set mortality rates equal to 1 (i.e., the natural mortality rate, µ). Rates of immigration from the regional species pool, ν, and the intensity of emigration rate, m, were set to 0.003, and 0.1, respectively. Local birth rates for each metacommunity, λ = 1 − ν − m, so that a new individual replacing the dead individual appears with certainty.
Landscape connectivity and γ−species richness
We calculated the mean number of components per replicate as a proxy of landscape connectivity and availability together with the mean and variance regional species richness (i.e., γ−species richness) for the simulations with static and dynamic landscapes (figure 3 and SI-C1). We remark that a component can be formed by one or several isolated patches (table 1) . We also calculated mean and variance of the γ−species richness as a function of the dispersal radius, 
Results
We found that migration, and the frequency and amplitude of the dispersal radius play a key role in predicting regional species richness. For medium to high migration rates, m = 0.3, the mean regional species richness decayed with the increasing mean number of isolated components in static landscapes (figure 3 top left, black circles). The overall trend for the mean regional species richness for dynamic landscapes was qualitatively similar to static landscapes with the mean regional species richness decaying with an increasing number of isolated components in the landscape for all values of frequency (figure 3 top left, Spearman-ρ > 0.37, All p < 0.05). However, mean regional species richness values differed between high and low frequency The variance for static landscapes followed the same pattern as the mean regional species richness with the number of components for high migration rates and high values of frequency Our results showed that an increasing number of fragments in the landscape predicted less regional species richness. However, we show also that the decay in the mean and variance of regional species richness is affected by both differences in migration rates and by differences in the frequency of change of the dispersal radius. Thus, migration and connectivity dynamics played a key role to predict the regional species richness in dynamic landscapes with fluctuations in landscape connectivity supporting metacommunities with higher mean and variance in species richness than the observed richness in static landscapes.
Our analysis of the relationship between dispersal radius and γ−species richness showed a Our results showed that medium to high migration rates predicted stronger deviations from static landscapes and faster decay of species richness and overall a lower species richness when decreasing the dispersal radius than low or very low migration dynamics (compare figure 3 with SI-C1 and SI-D1).
To explore the robustness of the decay of regional species richness with the number of components in the landscape in static and dynamic landscapes we simulated a broad range of amplitude, A, frequency, f, and initial dispersal radius values, d 0 for frequency, f = 0.001 (a), 0.01 (b), 0.1 (c)). In summary, the fast decay in species richness as the landscape becomes fragmented in static landscapes did not occur in dynamic landscapes for a broad range of amplitudes, A, frequencies, f, and initial dispersal radius values, d 0 . This suggests that dynamic landscapes may support metacommunities with higher species richness than static landscapes in fragmented landscapes.
Discussion
Our study adds to previous attempts to connect species persistence to dynamic landscapes (Hanski (1999); Keymer et al. (2000) ). Among the many factors driving landscape connectivity we focus on the periodic ones. Different periodicity can be described by varying the amplitude and the frequency of the change in landscape connectivity. Here we described how the amplitude and the frequency of landscape connectivity drive coexistence in multispecies communities.
Our results show that the fluctuations of landscape connectivity support metacommunities with higher species richness than static landscapes (figures 3-4). We show the decay in the mean and the variance of regional species richness, caused by increasing number of fragments, strongly differed between low, medium and high migration rates and between different values of the frequency values driving landscape connectivity ( figure 3 ). This means that highly fragmented landscapes can support a species rich metacommunity if the landscape becomes periodically connected. The positive effect of these periods of high landscape connectivity which allows dispersal and range expansions on γ−species richness thus offsets the negative effects of periods of low connectivity. Our results also suggest that landscapes characterized by fast changes of connectivity relative to the generation time of organisms predict qualitatively the same outcomes as static landscapes (i.e., landscape with high frequency, figure 3 ). This result implies that analytical predictions obtained from the classical metacommunity theory in static landscapes may be valid for rapidly changing dynamic landscapes with high frequencies determining dispersal dynamics of populations (figures 3 and 4). However, we have also shown that there is a broad range of frequency and amplitude values which provide predictions that strongly differ from static landscapes.
Contrary to our metacommunity model, classical studies of predator-prey and competitive interactions reported that higher landscape connectivity and migration rates tend to homogenize Similarly, competitive communities with highly connected landscapes tend to have only a few dominant species (Holyoak et al. (2005) ). These results follow from interaction asymmetries, which are not included in our models. Instead, the models we have explored here emphasize random and limited dispersal and demographic stochasticity, as the main drivers of metacommunities in dynamic landscapes. Our approach did not explicitly test for directionality of migration or selection and we assumed equal growth rates across the landscape, nor did we assume any asymmetry in competition or trophic interactions as possible mechanisms for structuring diversity in our static and dynamic landscapes, hence a neutral theory of biodiversity in dynamic landscapes was applied. While our model assumes neutral dynamics and random geometric graphs for population and migration dynamics, in a more realistic scenario we expect more differences between static and dynamic landscapes. For example, in our model all the individuals and species use the available connections between patches equally, but niche differences within and between species, different habitat preferences or landscape heterogeneity may provide a more strict threshold for the decay of γ−species richness. Our prediction of high regional species richness in landscapes with patches alternately isolated and then highly connected for 
Future perspectives
Given the rapid changes observed in natural and human-disturbed landscapes, there is a growing need to develop methods that more accurately describe the effects of dynamic landscapes in metacommunities. Here we have developed an individual-based metacommunity model to explore the effect of amplitude and frequency of fluctuations of organisms' dispersal radius on local and regional species richness. In addition to temporal fluctuations of dispersal radius (equation 1 and equations in SI-B), we can simulate destruction of patches and creation of new patches at random (or seasonal) time points. Similarly, spatial heterogeneity or temporal fluctuations in the carrying capacity of individual patches could also be included. We can thus start to explore the interactive effects of patch and connectivity dynamics on local and regional species richness. In the absence of patch dynamics, our results show that the fluctuations of landscape connectivity support metacommunities with higher species richness than static landscapes in fragmented landscapes but the combined effect of patch and connectivity dynamics can change these predictions. Future research would need to combine patch and connectivity dynamics to further advance our understanding of short-and large-scale patterns of biodiversity changes in rapidly changing landscapes. Tables   Table 1. Glossary of concepts Maximum distance between a pair of patches which allows dispersal between the patches (i.e., patches with larger distance are not connected) Geographical distance between patch i and j
Connectivity patch i m Emigration rate ν
Immigration rate from the regional species pool 
(B-1)
Here M k i describes density-dependent mortality rate of species k in patch i. This mortality is the natural per capita mortality rate described in this article by µ N k i J i . N k i and J i are the total number of individuals of species k in patch i and the total number of individuals in patch i, respectively. S j and P are the total number of species in patch j and the total number of patches, respectively. In addition to the mortality rate parameters, there are three more metacommunity specific parameters: λ, the local birth rate, m, the intensity of emigration rate, and ν, the immigration rate from the regional species pool.
The first equation in (B-1) gives the transition probability for the k th species to decline in abundance by one individual in patch i. For this to happen, an individual must die in the k th species, which occurs at a rate given by M k i . The first probability inside the brackets is that of an immigration event of some species other than k from a patch different to i (see equation 2 in the main text with d ij the geographical distance between patch i and j satisfying d ij ≤ d c ). The second term represents the probability of having a local birth in a species other than k with the -1 subtracted in the denominator after the death in the previous step of one individual in this patch.
The third term describes the probability of an immigration event from the regional species pool. 
